Many excited charmed strange baryons such as Ξc(2790), Ξc(2815), Ξc(2930), Ξc(2980), Ξc(3055), Ξc(3080) and Ξc(3123) have been observed. In order to understand their internal structure and to determine their spin-parities, the strong decay properties of these baryons as possible P -wave excited Ξc candidates have been systematically studied in a 3 P0 model. The configurations and
I. INTRODUCTION
Quantum chromodynamics (QCD) is the fundamental theory of the strong interaction, which is responsible for the dynamics of hadrons. However, the connection of QCD to hadron is not very clear. People have to understand hadrons through their masses, productions and decays in all kinds of models. The structure and dynamics in baryons are complicated for their three quarks or antiquarks. Baryons with one u or d, one strange and one charmed quark are identified with Ξ c [1] [2] [3] . A study of Ξ c is useful for understanding the structure and dynamics in hadron. Except for Ξ c (2930) and Ξ c (3123) observed only in one experiment, more and more highly excited charmed strange baryons such as Ξ c (2790), Ξ c (2815), Ξ c (2980), Ξ c (3055), and Ξ c (3080) have been observed in different experiments [1] . So far, the spins and parities of these Ξ c have not yet been measured by experiment, how to determine their spins and parities is an important theoretical topic.
The mass spectra of excited Ξ c baryons have been computed in many models [4-6, 8-15, 29] , the strong decays of excited Ξ c baryons have also been studied in many models [15] [16] [17] [18] [19] [20] . In these models, some possible J P assignments of these excited Ξ c have been performed, which is presented in Table I .
In the table, 4-p and 2-p indicate the 4 and 2 possible assignments of J P , respectively, mentioned in table 11 in Ref. [29] . ( From this table, the J P assignments of Ξ c (2790)( and Ξ c (2815)( 3 P 0 model as a phenomenological method has been employed successfully to study the Okubo-ZweigIizuka(OZI)-allowed hadronic decays of hadrons [21] [22] [23] [24] . In Ref. [17] , the strong decays of S, P, D−wave charmed baryons have been systematically studied in the framework of the 3 P 0 model. For lack of experimental data at that time, only the possible internal structure and quantum numbers were discussed for Ξ c (2980) and Ξ c (3080). In Ref. [19] , Ξ c (3055) and Ξ c (3080) were analyzed in the 3 P 0 model after the report of Belle collaboration [37] . Systematical study of all these excited Ξ c in the 3 P 0 model has not yet been performed.
Very recently, the Belle collaboration presented new measurements of the masses and widths of the Ξ ′ c , Ξ c (2645), Ξ c (2790), Ξ c (2815), and Ξ c (2980) [38] . In particular, some relative branching fractions were also estimated in the experiment as follows: ≈ 11%, These branching fraction ratios provide more information to understand the nature of Ξ c (2815) and Ξ c (2980).
In order to have a comprehensive understanding of these excited Ξ c baryons, the hadronic decay of these Ξ c baryons as P -wave charmed strange candidates will be systematically studied in the 3 P 0 model in this paper, while other possible assignments of these excited Ξ c are reserved in another paper.
The paper is organized as follows. In Sec. II, we give a brief review of the 3 P 0 model. We present our numerical results and analyzes of these excited Ξ c in Sec. III. In the last section, we give our conclusions and discussions.
II. BARYON DECAY IN THE
3 P0 MODEL As well known, the 3 P 0 model was first proposed by Micu [21] , and further developed by Orsay Group [22] [23] [24] . The model has been widely employed to study the OZI-allowed strong decays of hadrons by many authors not cited here.
Although the hadronic decay dynamics or the connection between the 3 P 0 model and QCD is not clear, some attempts to make a bridge between the phenomenological 3 P 0 model and the more fundamental ingredients of QCD have been made both in meson sector [25] [26] [27] [28] [29] [30] [31] and in baryon sector [32, 33] . In the model, a pair of quarkis assumed to be created from the vacuum then to regroup with the quarks from the initial hadron A to form two daughter hadrons B and C. In particular, the interaction Hamiltonian for the production process was assumed as [27, 28, 31] 
where ψ f is a Dirac quark field with flavour f . m f is the constituent quark mass, and γ is a dimensionlesspair-production strength of the decay interaction. The γ is often regarded as a free flavor independent constant and is fitted to the data. However, the strength γ was regarded as a scale-dependent function of the reduced mass of the decaying meson in Ref. [34] . For the decay of a baryon, three possible rearrangements, namely any of the three quarks in A can go into C, are taken into account, which is shown in Fig. 1 . Therefore, there are three possibilities in the decay process of a Ξ c baryon [17] A(q 1 s 2 c 3 )
where q i denotes the u or d quark, while s 2 and c 3 denote strange and charm quark, respectively. In the 3 P 0 model, the hadronic decay width Γ of a process A → B + C is as follows [24] ,
In the equation, p is the momentum of the daughter baryon in A's center of mass frame, [17, 19, 35] (there is a factor 2 difference from that in Ref. [17] for different initial A.)
where ϕ 
In principle, the meson wave functions are usually determined in a nonrelativistic quark model with traditional Coulomb + linear and smeared hyperfine interactions. However, as indicated in Ref [28] "Experience indicates, however, that it is not useful to employ more accurate Coulomb plus linear wave functions in what must be highly simplified models of complex hadronic interactions". In Refs. [31, 36] , it was also pointed out that the 3 P 0 model and experiment were sufficiently imprecise that computations with more realistic quark model reveal no systematic improvements. In particular, the 3 P 0 model gives a good description of many of the observed decay amplitudes and partial widths of mesons in terms of the simple harmonic oscillator wave functions. Therefore, the simple harmonic oscillator wave functions have been employed for both the meson and the baryons in previous equation. The baryon wave functions (with definite total L = L ρ + L λ ) are often made from a ClebschGordan sum of harmonic oscillator wave functions in the two relative coordinates ρ and λ [32] . The explicit expressions of the baryon wave functions and the spatial integrals I ML A ,m ML B ,ML C were presented in Refs. [19, 35] . More details of baryon decays in the 3 P 0 model could be found in Refs. [17, 19, 24, 35, 39] . 
III. NUMERICAL RESULTS

A. Notations of baryons and relevant parameters
In our calculation, notations for the excited baryons are the same as those in Refs. [16, 17, 19] . In Tables  II-XI , n ρ and L ρ denote the nodal and the orbital angular momentum between the two light quarks, n λ and L λ denote the nodal and the orbital angular momentum between the charm quark and the two light quark system, L is the total orbital angular momentum of L ρ and L λ . S ρ denotes the total spin of the two light quarks, J l is total angular momentum of L and S ρ . J is the total angular momentum of the baryons. Besides, In Table II , the hat and the check are also used to denote the assignments with L ρ = 2 and L ρ = 1, respectively. The superscript L is adopted to denote the different total angular momentum inΞ
. For Ξ c baryons, the relevant quantum numbers of S, P -wave of Ξ c baryons are given in Table. II Masses of relevant mesons and baryons involved in our calculation are listed in Table III [1] . The main model parameters involved in our calculation are the pair-creation strength γ, the R in the harmonic oscillator wave functions of the meson and the β λ,ρ in the baryon wave functions, respectively. The R is taken to be 2.5 GeV −1 for π/K meson and 1.67 GeV −1 for D meson as those in Refs. [40, 41] . Different β and γ have been employed for baryons in different references [17, 39, [42] [43] [44] [45] [46] . In this paper, we let β to vary in a range from 0.25 GeV to 0.40 GeV. In other words, β λ,ρ = 0.25 ∼ 0.4 GeV.
To fit the experimental data for different γ and β λ,ρ , the mass and decay widths of Ξ c (2645) + [1] will be taken as a benchmark in the fitting process. In the end, γ = 10.5 and γ = 13.6 were fixed for β λ,ρ = 250 MeV and β λ,ρ = 400 MeV, respectively. These two groups of {γ, β λ,ρ }, {10.5, 250 MeV} and {13.4, 400 MeV}, will be employed in all our calculations. Accordingly, results corresponding to these two groups of parameters are all explicitly presented in the following tables. The partial and total decay widths of Ξ c (2645) + as the S-wave Ξ * c1 (
were calculated and presented in Table IV . The branching fraction ratios Γ(Ξ
related to experiment were also given in the table. The vanish modes in these tables indicate forbidden channels or channels with very small decay width. The "· · · " in these tables indicates that there exists no such term. In the calculations, it would be fundamental to take use of the theoretically predicted parameters such as the hadron masses, γ, R and β λ,ρ involved in the model. Unfortunately, these inputs for baryons have not been theoretically determined. In addition to previous choice of γ, R and β λ,ρ , we employed the experimentally measured masses of both baryons and mesons as our inputs in Table. III. In fact, the energies predicted by the model and the particular parameters involved do not necessarily correlate with the experimentally observed energies. The Ξ c (2790) was found in Ξ ′ c π mass spectrum, while the Ξ c (2815) was found in the Ξ c (2645)π mode. Recently, the measurements of their intrinsic widths were reported by the Belle collaboration [38] : the total decay width Γ Ξc(2790) + = 8.9 ± 0.6 ± 0.8 MeV and Γ Ξc(2815) + = 2.43 ± 0.20 ± 0.17 MeV. In addition, the ratio of branching fraction, B(Ξ c (2815
, was also reported in Ref. [38] .
The Ξ c (2790) and Ξ c (2815) were assigned with the Pwave excited J P = − ). In these assignments, the predicted total width Γ total = 7.2 ∼ 16.6 MeV of Ξ c (2790) is well consistent with the experimental measurement, the predicted total width Γ total = 4.8 ∼ 9.4 MeV of Ξ c (2815) is about two times larger than the new measurements. Recently, a prediction of the hadronic decay width of Ξ c (2815) is Γ = 7.1 MeV in Ref. [16] and Γ = 4.24 MeV in Ref. [46] . The predicted ratio
7% is compatible with the measured 11%.
From Tables V and VI , it is difficult to distinguish the Ξ c1 ( + from each other through their hadronic decay features. On the other hand, the difficulty implies complicated internal structures of baryons.
However, if a simple potential model based on the harmonic oscillator as shown in Ref. [2] is employed, the energy levels for baryons with one heavy quark (mass M ) and two light quarks (mass m) are described by
where K is a constant describing the potential and µ − P -wave candidate. The ranges stand for the results with parameters {γ, β λ,ρ } from {10.5, 250 MeV} to {13.4, 400 MeV}. − ) are used to calculate the ra-
The Ξ c (2980) + state with a width of 43.5 ± 7.5 ± 7.0 MeV was first observed by the Belle collaboration in the Λ If Ξ c (2980) + is the P -wave excitations in λ-or ρ-mode with negative parity, the {(n λ , L λ ), (n ρ , L ρ )} ={(0, 1), (0, 0)} or {(0, 0), (0, 1)}. In these assignments, possible decay modes and corresponding hadron decay widths of Ξ c (2980)
+ have been presented in Table VII .
From this table, the assignment of Ξ c (2980 
were also computed and presented in the table. When Ξ c (2980)
+ is assigned with the P -wave
− ), the predicted B 2 = 7.0 ∼ 77, and B 3 = 36 ∼ 144. The measurement of these ratios in the future will be helpful for the understanding of this Ξ c .
C. Decays of Ξc(3055) and Ξc(3080)
Ξ c (3055) was first observed by BaBar [48] and then confirmed by Belle [50] . Ξ c (3080) was first observed by Belle [47] and then confirmed by BaBar [48] . Recently, Ξ c (3055) and Ξ c (3080) were reported by Belle [37] (2815) + as a J P = 3 2
The ranges stand for the results with parameters {γ, β λ,ρ } from {10.5, 250 MeV} to {13.4, 400 MeV}. 
The ranges stand for the results with parameters {γ, β λ,ρ } from {10.5, 250 MeV} to {13.4, 400 MeV}. As a possible candidate of P -wave Ξ c , the internal quantum numbers and decay widths of Ξ c (3055) were presented in Table VIII . As a possible candidate of Pwave Ξ c , the internal quantum numbers and decay widths of Ξ c (3080) were presented in Table IX. As shown in Tables VIII and IX, neither Ξ c (3055) nor Ξ c (3080) can be assigned with the P -wave excitations. When the facts that the decay mode ΛD has been observed while the mode Λ c K has not been unobserved for Ξ c (3055) and Ξ c (3080) was taken into account, other assignments except for the Ξ 
= 5.09 ± 1.01 ± 0.76. The ranges stand for the results with parameters {γ, β λ,ρ } from {10.5, 250 MeV} to {13.4, 400 MeV}. As seen in Table X , the assignment of Ξ c (2930) with the Ξ 
will be an important signal for the understanding of its internal structure. In order to classify the Ξ c (2930) state, more experimental information is required.
From Table XI , Ξ c (3123) seems impossible to be identified with the P -wave excitations for the large widths, + as the P -wave Ξc. Γexp = 4 ± 4 MeV. The ranges stand for the results with parameters {γ, β λ,ρ } from {10.5, 250 MeV} to {13.4, 400 MeV}. In this assignment, the ratios, B 4, Ξ c (3055), Ξ c (3080) and Ξ c (3123) could be excluded as P -wave excitations of Ξ c .
As a phenomenological model to study OZI-allowed hadronic decays of hadron, there are some uncertainties from the parameters in the 3 P 0 model. How to fix the parameters such as γ and β λ,ρ is an important topic in the future. Other possible assignments of these excited Ξ c have not explored in this paper. In addition, it is necessary to study systemically the hadronic decay of these excited Ξ c in much more other models as a crosscheck.
